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ABSTRACT

The present investigation is a study of .the modeling of radial
fiow gas turbine fluid dynamics and heat transfer behavior. A test
facility has been constructed for the modeling of turbine flows.
Several unconventional experimental techniques have been developed
for use in the facility.

A simple model of a radial flow gas turbine has been analyzed
and tested. The fluid dynamics and heat transfer behavior of a single
radially inward flow of air over a shrouded rotating disk has been
experimentally determined. The fluid dynamics behavior is presented
as a series of graphs detailing the velocity profiles. The heat trans-
fer is correlated over the operating range of radial flow gas turbines
by a simple algebraic relation between the governing nondimensional
parameters. An analysis is presented that does not adequately pre-
dict the heat transfer. The reasons for the discrepancy between

analysis and experiment are discussed.
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NOMENCLATURE

English Letter Symbols:

Cp

g
h
T (=)

K

fluid specific heat, BTU/1lb F

gravitational acceleration, ft/ses‘c2

average heat transfer coefficien’&, BTU/hr ft2 F

nth order Bessel function of first kind with argument x

correlation parameter defined by Eq. [17]
2

heat meter calibration factor,
mv

thermal conductivity, BTU/(hr ft? F/ft)
fluid pressure, #/inz

average heat flux, BTU/hr ft2
radial coordinate, ft

disk radius, ft

temperature, R

temperature, F

fluid radial velocity component, ft/sec
fluid resultant velocity, ft/sec

fluid tangential velocity compongnt, ft/sec
mass flow rate, l1b/hr

fluid axial velocity component, ft/sec

axial coordinate, ft

disk-to-shroud spacing, ft

xiii




Greek Letter Symbols:
thermal diffusivity, ftz/sec
eigenvalues, zeros of Il(x)

Reynolds number ratio;
air coefficient of thermal expansion, 1/F

hydrodynamic boundary laver thifckness, ft
thermal boundary layer thickness, ft

eddy diffusivity for heat, ftz/sec

eddy diffusivity for momentum, ftz/sec
dummy variable of integration

tangential coordinate, radians

fluid dynamic viscosity, lb/hr ft

fluid kinematic viscosity, ftz/sec

fluid density, 1b/ft>"

shear stress, #/ftz

disk angular velocity, rad/sec

Nondimensional Parameters:

3 2

Ng, g8 o p (at) , Grashof number
7 Z

hr
©_ , average Nusselt number

k

- , mass flow Reynolds number

, machine Reynolds number




N
St

Ngt,1

Subscripts:

, average Stanton number

, local Stanton number

, nondimensional radial coordinate

o
Z , nondimensional axial coordinate
T'o
Zo0 , nondimensional disk~to-shroud spacing
I'o
2 N
T TRM , ratio of machine Reynolds number to
NR,F mass flow Reynolds number
-5 , nondimensional hydrodynamic boundary
T'o layer thickness

, nondimensional thermal boundary layer
o thickness

A . boundary layer thickness ratio
8 s

denotes value in the radial di;ection

denotes relative, evaluated with respect to the
rotating disk

denotes value at the edge of the hydrodynamic
boundary layer

XV




in denotes fluid inlet value

1 denotes local value as opposed to the average value
Superscripts:

* denotes a nondimensional quantity
Miscellaneous

# denotes pounds force

1b denotes pounds mass

A on t denotes a temperature difference

Xvi




I INTRODUCTION

In recent years there have been increasing applications of radial
flow gas turbines as prime mover and auxiliary power sources in the
aircraft and automotive industries. High performance levels in these
units are attained with high turbine inlet temperatures. These high
temperatures necessitate the use of high temperature alloys in the
turbine wheels. A proposed method of reducing the metallurgical
requirements is to insulate the turbine wheel from the hot gas stream

by a veil-flow blanket of cold air, as shown in the following figure:

Main flow Yeil-cooling flow

Turbine
blade

_——Turbine wheel

A heat transfer investigation of the veil-flow method has been
undertaken jointly by the AiResearch Manufacturing Division of the
Garrett Corporation, Los Angeles, California, and by Stanford Univer-

sity. AiResearch has conducted a prototype study of a veil-cooled




1
radial fiow turbine (16) . The present investigation is concerned

with model studies of radial flow turbines.

The present model consists of a shrouded rotating disk to which
vanes may be added. The main air stream flows radially inward from
the disk periphery. The veil-flow is introduced next to the disk at the
periphery, and also flows radially inward. The disk and veil-flow are
heated relative to the colder main stream. The heat transfer results
obtained from the model tests will be extended to radial flow turbines
where the main flow is hot relative to the colder disk and veil-flow.

Because of the complex flow and heat transfer behavior expected
in the veil-flow studies, the initial investigation is concerned with a
single air stream flowing radially inward over a shrouded unvaned
rotating disk. The fluid dynamics and heat transfer behavior for this
model will serve as a datum for the later investigations.

The study of a shrouded rotating disk is also of general interest.
Many heat transfer studies have been conducted on unshrouded disks,
and several on shrouded disks with radial outflow. The present

investigation is another phase of the rotating disk problem.

The present investigation has as its specific objectives to:

1. Design, construct, instrument, and evaluate a test facility

1 ;
Numbers in parentheses refer to references.




for determining the fluid dynamics and heat transfer behavior
of a rotating disk for various flow“configurations.

2. Analytically and experimentally obtain the fluid dynamics
and heat transfer behavior for a single radial inflow of air

over a shrouded unvaned rotating disk,

The present investigétion has satisfied the first objective and,
to some extent, the second. A test facility has been constructed
that allows testing of various rotating disk flow configurations.
Several unconventional experimental techniques have been developed.
The disk is heated by a controlled infrared radiation source. Heat
meters are used to measure the heat flow through the disk. A novel
method of transferring the thermocouple and heat meter electrical out—
puts from the rotating disk to stationary recording instruments has
been developed.

The rotating disk fluid dynamics and heat transfer behavior has
been experimentally determined over the operating range of radial flow
gas turbines. The flow pattern is unexpectedly complex, showing a
strong influence of the pres“ence of the disk and the shroud. The heat
transfer results are correlated by a simple algebraic relation between
the governing nondimensional parameters. An analytical attempt to
predict the heat transfer is also presented. The discrepancies between

analysis and experiment are discussed.




I SUMMARY OF WORK OF PREVIOUS INVESTIGATORS

A survey of the available literature pertinent to the model study
was undertaken to help satisfy the project objectives. Considerable
information exists for heat transfer from unshrouded disks, but very
little for shrouded disks. There is also some information on heat
transfer in veil-flows over flat plates which may possibly be extended
to veil-flows over rotating disks. A comparison of the analytical heat
transfer results in the literature has proved helpful in evaluating the

various analytical methods.

A. Heat Transfer from Unshrouded Rotating Disks

Numerous studies of the heat transfer from an isothermal
unshrouded rotating disk to an infinite medium have been conducted.
The unshrouded disk geometry and flow pattern is shown in Fig. 1,
and the heat transfer results are summarized in Fig. 2. The experi-
mental laminar heat transfer results of Cobb and Saunders (2) and
Kreith, Taylor, and Chong (12) are in good agreement with the ana-
lytical results of Dorfman (4), Millsaps and Pohlhausen (13), and
Wagner (22). The experimental results of (2) are obtained directly
from a heated disk, while those of (12) are established by applying
the heat and mass transfer analogy to the mass transfer fromra

napthalene disk. The agreement between analysis and experiment

in the laminar regime establishes confidence in the experimental




results in the turbulent regime.

As shown in Fig. 2, there is considerable disagreement in the
turbulent regime between the analytical attempts of Davies (3),
Dorfman (4), and Kreith and Taylor (11), and the experimental results
of Cobb and Saunders {2), Kreith, Taylor, and Chong (12), and
Zaloudek (23). It should be noted that all of the experimental
results contain the effect of a laminar core at the disk center; the
flow does not become turbulent until a local Reynolds number,

(rzm o/u), of 2 x 105 is reached. At a machine Reynolds number of
106, the flow is turbulent over 80% of the disk surface. As the ana-
lytical solutions are for turbulent flow over the entire disk, the
experimental results should approach the analyses as NR increases.

The result of Davies (3) was obtained from an integral analysis
using a very approximate evaluation of the heat and momentum dif-
fusivities. The analysis of Dorfman (4) is based on the von Karman
analogy, where the universal velocity profile for turbulent boundary
layer flows is assumed and the turbulent diffusivities for heat and
momentum are equated. Kreith and Taylor (11) present two analyses.
Their integral analysis result is obtained from the integrated energy
equation. The hydrodynamic and thermal boundary layer thicknesses

are assumed equal. The analytical hydrodynamic solution of von

Karman (8) is employed. In their Reynolds analogy result, the sum



of the laminar and turbulent diffusivities for heat and momentum is
assumed equal over the entire boundary layer. The Stanton number
is thus equal to one-half the friction factor. All of the analytical

.8
solutions are of the same form, NNu =C NR 0 , with the value of

M
C dependent on the analysis employed.

The data of Cobb and Saunders (2) and Kreith, Taylor, and
Chong (12) are in good agreement. The results of Zaloudek (23) are
obtained for a constant heat flux surface condition. On the basis of
turbulent flat plate heat transfer experience, the heat transfer coeffi-
cients for constant heat flux would be expected to be about 5 per cent

higher than those for constant surface temperature, instead of 15 to

20 per cent higher as reported.

The analysis of Dorfman (4) and the Reynolds analogy result of
Kreith and Taylor (l1) compare best with the experimental results.
The analysis of (4) is the most thorough and the assumptions made
concerning the velocity profiles and the diffusivities are the most
plausible. In both of the results of (11), the hydrodynamic and thermal
boundary layer thicknesses are assumed equal. This is evidently a
poor assumption for the integral method approach, and casts doubts
on the accuracy of either method when applied to the shrouded disk
problem. The relation of Davies (2) is in disagreement due to an

inaccurate representation of the eddy diffusivity.




The best analytical approach to use in solving shrouded rotating

disk problems appears to be the von Karman analogy approach. How-
ever, this is the most complicated mathematically. If the proper rela-
tion between the hydrodynamic and thermal boundary layer thicknesses
could be found to make the results of the two methods compatible, both
results of (11) would probably lie closer to the data. Unfortunately,
this approach is mathematically impossible for the 1/7th power profiles
chosen: however, it is possible for cases involving a shrouded disk.
The general conclusions from this comparison are that if reasonable
velocity and temperatures profiles are chosen, all methods determine
the Reynolds number dependency to the correct power and evaluate the
constant to within an order of magnitude. For the shrouded disk prob-
lem, a combination of the Reynolds analogy and integral method

approaches was employed.

s

B. Heat Transfer from Shrouded Rotating Disks:

Considerably less information is available for shrouded rotating
disks. Soo (20) has determined analytically the laminar flow pattern
for radial in- and outflow, and Soo, Besant, and Sarafa {21) have ana-
lyzed the corresponding heat transfer. Kreith, Doughman, and
Kozlowski (10) have determined the shrouded disk radial outflow heat
transfer experimentally using the analogy between heat and mass
transfer. Smith (1¢) has experimentally evaluated the heat transfer

from a shrouded disk both for turbulent radial in- and outflow, but



the accuracy of the results is questionable due to the experimental
technique employed. A comparison of the present radial outflow

results with those of (10) and (19) is presented in Fig. 34.

C. Heat Transfer in Veil-flows

The AiResearch investigation of a veil-cooled radial flow
turbine is summarized in (16). Temperatures on the turbine wheel
were measured, and the veil-cooling flow temperature effectiveness
was established. Sizable turbine wheel temperature reductions were
obtained for low veil-cooling flows relative to the main flow. It is
hoped that the veil-flow model studies will provide a more complete
understanding of these results.

There have been several experimental heat transfer investiga-
tions of turbulent veil-flows over flat plates. Seban (18) reports
temperature decays for a heated veil-flow bounded by an adiabatic
wall and a cold free stream. Heat transfer coefficients for the heat
transfer between a constant heat flux wall and a veil-flow for various
veil-flow-to-main-stream velocity ratios and for equal initial veil
and main stream temperatures are also presented. Hartnett, Birkebak,
and Eckert {7) summarize and compare the temperature decay results
of several investigators. Heat transfer coefficients for the heat
transfer between a constant heat flux wall and a veil-flow with

various ratios of veil-to-main-stream temperature for a fixed velocity




are also presented. These results will be of value in helping inter-

pret the experimental veil-flow results and in formulating analyses.




FIGURE 1

ROTATING DISK COORDINATE SYSTEM

AND GEOMETRIES

(a) ROTATING DISK COORDINATE SYSTEM

(b) COORDINATE SYSTEM AND FLOW PATTERN
FOR AN UNSHROUDED ROTATING DISK.

WITH RADIAL OUTFLOW

(c) COORDINATE SYSTEM AND FLOW PATTERN

FOR A SHROUDED ROTATING DISK

WITH RADIAL INFLOW
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FIGURE 2

COMPARISON OF HEAT TRANSFER RESULTS

FOR UNSHROUDED ROTATING DISK HEAT

TRANSFER

Average Nusselt number Ny plotted as a function of machine

Reynolds number NR M " The numbers in parentheses corre-

spond to the references from which the heat transfer results

are taken.

Laminar Regime:

(2)
(4)
(12)
(13)

(22)

Cobb and Saunders, experimental
Dorfman, analytical

Kreith, Taylor, and Chong, experimental
Millsaps and Pohlhausen, analytical

Wagner, analytical

Turbulent Regime:

(2)
(3)

Cobb and Saunders, experimental
Davies, analytical

Dorfman, analytical

Kreith and Taylor, analytical

Kreith, Taylor, and Chong, experimental
Zaloudek, experimental
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111 GOVERNING NONDIMENSIONAL PARAMETERS

The ultimate aim of the present project is to model radial flow
gas turbine heat transfer behavior. To correlate the model and proto-
type behavior, the correspondence between the governing nondimen-
sional parameters of each field must be established. The gas turbine
parameters are established in the literature. The rotating disk param-
eters must be determined from the governing differential equations
and boundary conditions.

The rotating disk coordinate system is shown in Fig. 1. The
differential equations and boundary conditions are written for a
stationary control volume located in the fluid. The disk-to-shroud
spacing is assumed small, so that the fluid pressure is a function of
radius only. The heat transfer is assumed to be in the axial direction
only. The fluid entering at the disk periphery is assumed to have one-
dimensional velocity and temperature profiles. The fluid and disk

tangential velocities are equal at the disk periphery.

Continuity equation:

93 U 4 Uy 9w =90 [l]

Momentum equation in the radial direction:

U 28U 4y 2u VY = 3 u - 9c  dp (2]
d3r 3 z r 3 z 2 ) dr

12




Momentum equation in the tangential directlion:

3 v 3 Vv
v 22

u ——— 4

3 r 3 Zz

Energy equation:

3
& + w ot
ar 3 z

u

2
av o, % v [3]
r azz

32 ¢ (4]
= {0 2

32

The boundary conditions corresponding to both radial flow gas

turbines and the present model are:

At 1 =rg ulry, 2)
virg, 2)
w(ro, z)
t(ry, 2)

Atz =0: u(r, 0)
v(r, 0)
w(r, 0)
t(r, 0)

w
2w Iy zop

= ro w |
= 0
B tin
= 0

= r w

= 0

= tw

The variables p, u, v, w, and t and the coordinates r and z

are normalized as follows:

u
ulry, z)

v
virg, z)

13



\
* = —_—— =
& u(rg, 2) W )
2w Iy 2o P

5 m alBP . 9c P
: 2
o [, 2] W “ B
2 1 ToZp p
t* = t - tin
tw ~ tin
e E s
T'o
z* = z
Zo

The normalized differential equations [1] through [ 4] become:

Continuity equation:

3 u* + u* + o 3 w* -
ar¥ r* 2,/ 3 z*

Momentum equation in the radial direction:

2
r \ 2
* * o, W v*
g Wl o) wx s u¥ W
dr* ) 5 z* -————-) r*
2“ ro ZO P __J]
2
2w s 2 3 u* _ dp*
W ZO 3 Z*z dr*
ZO u
Momentum equation in the tangential direction:
R L
: ar* e dz* r*
2 2
__ 2w ro 3% %
)
e z 2
< Zo y o 9 u*

14

(7]




Energy equation:
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There are seen to be four groups that aovern the fluid dynamics and

heat transfer:

- Z5 nondimensional geometry for the
- rotating disk
W s Np F nondimensional flow rate; a flow
2o ¥ Reynolds number
g w i A . .
W = 8 ratio of disk peripheral velocity
<2,, Yo zoo) to the entering fluid radial velocity
By defining the conventional disk,
or machine, Reynolds number as:
. 2
= 0 90
NR, M —
the velocity ratio can be written as:
NpM & |
2 _N : - B
R,F
and
o N .
—P% = Pr the fluid Prandtl number

The correspondence between the gas turbine and the rotating
cisk parameters can be established. Due to the nature of the model,
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there are no disk parameters relating to power. This does not affect
the modeling of the heat transfer behavior.

There is a gas turbine parameter relating the turbine tip speed
to the speed of sound in the working fluids. This parameter does not
appear in the model groups as the differential equations are written
for essentially incompressible flow. The effect of high velocities
is to produce variations in the fluid properties normal to the flow
direction. For the model, the variations are small, and the fluid
properties are essentially constant. For extension to high velocity
flow, the results can be modified using the temperature dependent
property correlations of (14). Therefore, the disk peripheral Mach
number is not a significant parameter for the model tests.

A survey of the radial flow gas turbine field reveals the fol-

lowing nondimensional parameter ranges to be of interest:

Npp = 105 to 10°
NpMm = 105 to 5 x 10°
N

RM - 0.2 to 1
Np r

*
Zo - 0.1 to 0.3
NPI‘ = 0.7
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v TEST FACILITY

A, Description of Test Facility

The present model is a rotating disk without vanes over which
air flows radially inward. The disk is heated relative to the colder
air flow. The fluid behavior and the heat transfer coefficients have
been determined for this model. An overall description of the test
facility follows, with the major components described in detail in
the later sections.

A schematic of the test facility is shown in Fig. 3, and the
actual test facility in Fig. 4. The disk is driven through a flat belt
pulley drive by a variable speed d-c motor, and spins about a verti-
cal axis. The disk is heated by the radiant energy emitted from the
tubular quartz infrared heaters (Fig. 8). The distribution of the
radiant energy is controlled by the vane reflectors to produce a uni-
form disk test surface temperature. The radiant energy is absorbed
by the upper surface of the disk, conducted through the disk, and
convected to the air flowing over the test surface. The heat flow
through the laminated aluminum disk is measured by the heat meters
bonded in the transite center disk (Fig. 5). The disk test surface
temperature is measured by thermocouples embedded in the test sur-
face (Tig. 6).

The air stream is induced over the test surface by a centrifugal

blower. Provisions are made for a heated veil-flow over the test
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surface. The screens affixed to the disk periphery (Fig. 6) accelerate
the air flows to the disk peripheral velocity; the air leaves the screens
in the radial direction with respect to the disk. The air mass flow
rate is measured in the metering section upstream of the blower inlet.

The output leads of the heat meters and thermocouples mounted
on the disk lead up through the hollow drive shaft to the rotating
selector switch (Figs.9, 10 and 11). The selector switch outputs go
to the garter spring pickup.l The pickup transfers the output volt-
ages from the rotating shaft to a stationary p~tentiometer for measure-
ment of the heat meter and thermocouple voltages.

The air stream velocity and direction are measured in the flow
passage between the rotating disk and the shroud. A three-hole total
pressure and yaw probe is moved across the flow passage by a trav-
ersing mechanism (Fig. 13). The yaw probe angle is measured by a
protractor attached to the traversing mechanism. The fluid static pres-
sure is obtained from static pressure taps located in the plexiglass
shroud (Fig. 12).

The heat transfer and fluid dynamics parameters are determined
from these measured gquantities. The disk speed is measured with a
Strobotac. The air mass flow rate is measured at the metering sec-

tion by the A.S.M.E. standard orifice installation. The fluid velocity

lDeveloped on the suwgestion of Mr. W. A. Casler of Aerojet
General Corporation. Patents on the garter spring pickup are
pending.
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and flow direction are computed from the measured angles and dynamic
pressures. The air properties are determined from temperature and
pressure measurements and standard tabulated equation of state infor-
mation (¢). Heat transfer coefficients are evaluated from the heat
flux measured by the heat meters and the temperature difference
between the disk test surface and the incoming air.

In the following sections, the major components of the test

facility are described in more detail.

B. Rotating Disk

The disk design was governed by model laws and heat transfer
considerations. The design NR,M operating range is 105 to 2 x 106,
a range representative of gas turbine operations. A disk diameter
of 16" and a maximum speed of 8000 RPM were chosen as having a
low operating centrifugal stress and of convenient size for construc-
tion. Aluminum was chosen for the disk material as the stress
level is the lowest and the factor of safety the highest relative to
other conventional materials.

The disk thickness was dictated by the chosen method of
determining the local heat transfer coefficients. The local heat flux
at the disk test surface is determined from the heat meter surface
heat flux and the test surface temperature distribution using the ana-

lytical solution to this heat conduction problem (Appendix D). A

uniform test surface temperature relative to the temperature difference
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between the disk and air was desired. The final disk thickness was

1.682 inches.

Preliminary calibration tests selected as the most satisfactory
heat meters those manufactured by National Instrument Laboratories,
Inc., Washington, D.C. The heat meter consists of a silver—
tellerium wafer (0.4 inches in diameter and 0.06 inches thick) with
a fine mesh copper screen bonded to each side. The temperature
difference between the two copper and silver-tellerium junctions
due to heat flow normal to the wafer produces a net EMF proportional
to the heat flux. The calibration factors of these meters are in the
range 600 - 800 (BTU/hr ftz)/mv. (A detailed description of the
calibration is given in Appendix E.)

The upper surface of the thick alumirium disk was instrumented
with five heat meters. (See Fig. 5 for a detail of the heat meter
placement and disk construction.) The heat meters are placed at
the area-average radius of each of five equal area annular sections,
The heat meters are mounted on a transite disk, a material of about
the same thermal conductivity as the heat meters. This insures that
the thermal resistance normal to the disk will be uniform over the
disk surface. To protect the heat meter section, a thin aluminum
disk was bonded over the transite disk. Copper-constantan thermo-
couples were mounted in this disk to measure the heat meter tempera-

tures. The disk assembly was bonded together with an epoxy resin
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(Armstrong A-12). The heat meters were calibrated after bonding
(Appendix E).

The disk test surface was instrumented with five copper-
constantan thermocouples placed at the same radii as the heat
meters. The test surface is shown in Fig. 6. The thermocouples
are placed in grooves milled along isotherms (circumferential lines)
to reduce heat conduction along the leads. The thermocouple end
is peened into the groove to insure good thermal contact with the
disk. The leads are electrically insulated from the disk by a coat
of Glyptal cement.

The assembled disk specifications are:

Aluminum Alloy No. 2024 - T4

Yield Stress (0.2% offset) 47,000 psi
Maximum Stress (computed at 8000 RPM) 9,000 psi
Disk Diameter 15,958 "
Disk Thickness: Test disk 1.682 "
Heat meter section 0.063
Epoxy resin 0.006
Protective disk _ 0.065
Total thickness 1.816 "

Thermal Conductivity:
Disk (6) 72 BTU/(hr ft? F/ft)
Heat meter section 0.37 BTU/(hr ft2 F/ft)
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C. Inlet Velocity Control

The design objective for the inlet velocity control was to pro-
duce a flow that was radial with respect to the disk at the disk
periphery. This flow condition is representative of radial flow gas
turbine operation. Preliminary tests showed that a simple variable
pitch vane system installed in the inlet passage could not turn the
flow sufficiently for large ratios of disk tangential velocity to
through flow velocity (large NR,M/NR,F) . It was decided that
more elaborate methods using vanes would not have the flexibility
desired for the test facility.

Preliminary tests also showed that screens wound around the
disk periphery and extending over the air inlet passage would pro-
duce the desired flow condition. The air flow would be accelerated
by the screens to the disk tangential velocity, and leave the screens
in the radial direction relative to the disk. A design using 10 layers
of 50 mesh aluminum screen 0.009 inches in diameter was chosen.
Aluminum was used because of its low mass and consequent low
centrifugal forces. A fine mesh minimized the heat transfer from the
disk along the screen to the air stream.

A continuous 4.5" wide drip of screen was wound over the disk
and inner lower hoop. The two outer hoops were then piaced over the
screen and bolted to the disk and inner hoop respectively. These

hoops are made of 4130 aircraft steel (98,000 psi yield stress)
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to withstand the centrifugal loading of both hoop and screen. The
resulting air inlet passage height is 2.4 inches; the maximum 2z *
obtainable is 0.3. The screens installed are shown in Fig. 6. The
inlet velocity passage is shown schematically in Fig. 7.

The disk screen assembly was balanced on a commercial
balancing machine to 4000 RPM. The unbalance is within 8 gm-in,
corresponding to an eccentricity of 0.0005 inches. The runout of
the lower hoops is £ 0.050 inches. The natural frequency of the
disk assembly mounted in the test facility is in the range 2800 -

3000 RPM.

D. Infrared Heating System

The design requirement for the disk heating system was that
a heat flux varying with radius in a controlled manner could be
applied to the disk. Preliminary tests showed that the infrared
heating method would satisfy the design objective, with the advan-
tage over more conventional heating methods that an airtight seal
at the disk periphery would not be necessary. The installed heating
system is shown in Fig. 3.

Heating is accomplished by four General Electric Tubular
Quartz heaters producing a total of 6400 watts. The reflectors are
gold-plated copper sheet; gold-plating is needed to obtain a high
reflectivity in the infrared spectrum. A seal on the disk drive shaft

minimizes the airflow through the reflector system.
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The radiant energy absorbed at the upper surface of the disk can
be controlled in three ways. The heater power intensity is controlled
by varying the heater voltage. The radiant energy distribution imping-
ing on the disk is controlled by varying the vane reflector angle. The
energy absorbed by the disk can be controlled by selectively painting
the disk with a high absorbtivity paint. For the present model, the
upper surface was covered with a uniform coating of blackboard
slating with an absorbtivity of approximately 0.9. The radiant energy
distribution absorbed by the disk was thus controlled by voltage con-

trol and vane angle.

E. Selector Switch and Garter Spring Pickup

The use of thermoelectric elements mounted on the rotating disk
necessitated the development of a select or switch and pickup assembly
for transmitting the electrical outputs to stationary recording instru-
ments. The unit developed for this purpose is depicted in Figs. 9 and
10. In Fig. 11, the unit is shown installed on the disk drive shaft.

The 30 leads from the disk instruments (two each from the five heat
meters and two each from ten thermocouples) are brought up through

the hollow disk drive shaft to the copper pins of the connector (Fig. 11).
The copper leads from the connector sockets are soldered to the copper
selector contacts bonded in the selector switch housing (Fig. 9). Four
circular segment contacts are located at each axial position to accom-

modate four leads from two thermoelectric elements. The selector rod
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is moved axially to obtain outputs from any one of the eight sets of
contacts. Copper leads (not shown in Fig. §) from the copper foil

contacts are brought through the hollow selector rod to the rotating
vee-groove garter spring contacts.

The outputs are transferred from the rotating to the stationary
garter spring contacts through the garter springs. These springs
are made from be;'yllium c:)pper wire wound to form a helical spring,
with the ends of the spring soldered together to form a circle. The
spring rolls between the rotating and staiionary vee-groove contacts
in the manner of a planetary gear train. Leads from the four sta-
tionary garter spring contacts are taken to a potentiometer for
measurement of the element outputs.

The circuit for measurement of disk thermocouple outputs is
modified to account for the constantan-copper junctions in the con-
nector. A stationary copper-constantan compensation junction is
introduced in the circuit to oppose the connector constantan-copper
junctions. The compensation junction is maintained at the same
temperature as the connector junctions by a small blower that con-
tinuously circulates air over the junctions. The ventilated connec-
tor, compensation junction, and blower are also seen in Fig. ll.
An ice junction is used as the reference junction for the thermo-
couple output measurement.

The primary advantage of the garter spring pickup over
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conventional slip ring or mercury pool units is the lack of significant
extraneous EMF production at high rotative speeds. This is due to
the absence of slipping, with consequent rubbing and heating, between

the spring and the vee-grooves. Test showed that a maximum noise

level of ¥ 5 microvolts (1' 0.2 F) was produced at speeds up to 8000

RPM. Observations of the spring motion with a Strobotac verified
the lack of slippage, and showed that the spring remains in contact
with the vee-grooves at all speeds. The simplicity of construction

and operation are also very desirable features.

F. Flow System

An airflow system was designed, constructed, and instrumented
to provide metered main and veil-flows (Fig. 3). A suction system
with a 13 stage centrifugal vacuum cleaner is used for the main flow
system to eliminate the large plenum chamber that would be needed
in a pressure system. A compressor is used to supply the veil-flow
so that the flowrate may be varied independently of the main flow.
Both flows are metered by calibrated A.S.M.E, standard orifice
installations.

Preliminary testing revealed that the main airflow pressure
drop through the test section became prohibitively high at high disk
speeds (high NR,M/NR, F), with a resulting decrease in flow rate.

This was attributed to the fluid kinetic energy dissipation in the
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right angle turn from the passage between the disk and the shroud to
the main flow ducting. At the higher disk speeds the tangential
velocities were on the order of 400 ft/sec (Section V), and pressure
measurements showed that all of the kinetic energy was dissipated.
To take the swirl out of the air and recover some kinetic
energy before the turn into the ducting, a vaned diffuser was
designed and installed. The diffuser mounted on the shroud is
shown in Fig. 12. With the diffuser, the flow rate at the maximum
test speed was doubled, and a nearly constant flow rate was obtain-
able over the test range. The change in flow pattern affected about
10 per cent of the disk heat transfer area. However, the effect on

the mean heat transfer results is insignificant (Section VII).

G. Fluid Dynamics Instrumentation

The fluid dynamics was determined from measurements of the
fluid velocity, flow angle, and wall static pressure. The wall
static pressure was measured through wall taps located on the
shroud (Fig. 12). As the pressure tap diameter was fairly large
(0.128 inches), inserts were made to increase the length of the
pressure tap hole to 2.5 diameters in accordance with the A.S.M.E.
recommendations (1). The inserts were removed when the probe was
entered through the tap for measurement of the fluid velocity.

The fluid velocity and flow angle were measured by a two-

dimensional directional probe manufactured by the United Sens or
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and Control Corporation, Glastonbury, Conn. (Fig. 13). The probe

tip consists of three parallel open-ended tubes 0.030 inches in
diameter. The two side tubes are chamfered 30°, and all tubes
are bent 90° so as to measure pressures perpendicular to the
probe axis, as shown in the following figure. The center tube is
used to measure the fluid total pressure. The dynamic pressure is
measured as the difference between the total pressure and the
wall static pressure. The fluid resultant velocity was computed
from this dynamic pressure.

The pressures in the two side tubes were balanced by probe
rotation to determine the flow angle. A protractor affixed to the
traversing mechanism allowed measurement of the amount of rota-
tion. The fluid velocity components were computed from the

resultant velocity and flow angle.
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-« Air Flow
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FIGURE 3

SCHEMATIC OF ROTATING DISK TEST FACILITY

FIGURE 4

ROTATING DISK TEST FACILITY

29




GARTER SPRING PICKUP ——

VEIL - FLOW, FROM COMPRESSOR

g .y
SELECTOR SWITCH ———. ———— METERING
T - ___-"" SECTION
- ol
FLAT BELT ORIVE —— -\\\
FELT SEAL Sk o HEATER
INFRAREO HEATERS — R
REFLECTORS —
ANNUL AR
o~ PLENLM
- CHAMBE R
* 4
]1 /
== MAIN STREAM
— === FROM AMBIENT
- — "%
MOVABLE
PLEXIGLASS ROTATING SCREENS
SHROUD —— _
T
——— __ 16" ROTATING DISK
TD SUCTION 'l ": TEST SURFACE
SIDE OF = |
L
BLOWER -  METERING

SECTION

VANEO DIFFUSER

FIG.3

FiG.4




FIGURE S

SCHEMATIC OF DISK CRCSS SECTION AND

INSTRUMENT LOCATIONS

FIGURE 6

DISK TEST SURFACE AND ROTATING SCREENS

FIGURE 7

SCHEMATIC OF TEST FACILITY INLET PASSAGE

FIGURE 8

INFRARED HEATING SYSTEM
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FIGURE §

SCHEMATIC OF THE SELECTOR SWITCH AND

GARTER SPRING PICKUP ASSEMBLY

I,

2.

10.

Switch and Pickup Support

Selector Switch Housing

Selector Switch Contacts

Copper Foil Contacts
Selector Rod

Garter Spring Housing
Garter Spring

Garter Spring Contacts
Ball Bearing

Guide Rod for Sliding

FIGURE

the Garter Spring Housing

10

CROSS SECTION THROUGH SELECTOR SWITCH

AND GARTER SPRING PICKUP

FIGURE

11

SELECTOR SWITCH AND GARTER SPRING PICKUP

MOUNTED ON DISK DRIVE SHAFT
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FIGURE 12

SHROUD AND VANED DIFFUSER

FIGURE 13

DIRECTIONAL PROBE AND TRAVERSING

MECHANISM
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V  EXPERIMENTAL RESULTS

A. Radial Inflow Flow Results

The objectives of the flow investigation are to:

1. Evaluate the performance of the rotating screens and

sealing section.

2. Experimentally determine the fluid dynamics behavior.

3. Compare the experimentally determined fluid dynamics

behavior with the behavior predicted by the analysis
(Section VI).

The component performance was evaluated during the radial
inflow tests. Therefore, the experimental flow results will be pre-
sented so as to answer the objectives concurrently.

The flow behavior was studied at a single disk-to-shroud
clearance ratio of zo* = 0.113 over a machine Reynolds number range
NR,M =3.0x104t07.5x 10° and a flow Reynolds number range
Ng,F = 3.4 x10%t0 5.8 x 10°. The test Np w/NR,F range was 0.05
tol.6. Four types of flow results were obtained:

1. Tangential and radial component velocity profiles and flow
angle profiles were determined at five radial positions for
five NR,M/NR,F .ratios. |

2. Total velocity and flow angle profiles were determined at

four circumferential positions for two radial positions
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and four NRyM/NR,F ratios.

3. Total velocity and flow angle profiles were determined at
two radial positions for four to six values of NR,F at two
NR,M/NR,F ratios. This was done to experirﬁentally verify
that the nondimensional parameters correlated the fluid
dynamics behavior.

4, Wall static pressure variations with radial position were
measured at four circumferential positions for five
NR,M/NR,F ratios.

The fluid velocity and flow angle was measured with the two-
dimensional directional probe. The tangential and radial components
were éomputed from the flow angle and the resultant velocity. The
wall static pressure was measured with the static pre ssure taps
located in the shroud.

The radial and tangential velocity profiles and the flow angle
profiles for five radial positions are presented in Figs. 14 to 18 for
five NR,M/NR;P ratios. The corfesponding profiles predicted from
the one-dimensional flow analysis (Analytical Investigation, Sec-
tion VI, Eq. [22], [ 23] and [24] ) are also indicated on the
figures. The profiles are predicted to be uniform across the flow
passage.

The measured profiles at r* = 0.893 show that the entering

velocity profile is not uniform as desired. The shape of the profile
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results from flow leakage around the edge of the rotating screen in the
sealing section (Fig. 7). The leakage flow enters the main flow passage
along the screens, creating a stalled region around the circumference

of the plexiglass shroud. As the leakage flow has not been accelerated
to the disk tangential velocity by the screens, a backflow in both the
radial and tangential directions is created in the stalled region.

Schematically, the flow picture near the test section inlet is:

]!

AN

Incoming
Air

AN

Shroud i
\ ~_____ Rotating Screens

Stalled Region _\'\
il | ———— Leakage Flow

The extent of the stalled region is greatest at low Ny M/NR F

(0.056, 0.28). At high NR;M/N (t.20, 1.56), the effect of the

R,F
leakage flow is considerably less; the stalled region does not extend
as far radially inward and the entering profiles are more uniform.

The inlet profile appears to affect the flow pattern only near

the outer edge of the disk. This is especially evident in Fig. 16,

35




where the r* = 0.893 profile is completely unlike the shape of the
other profiles, while the r* = 0.768 profile is very similar to the
remaining profiles. It appears that the effects of the disk, shroud,
and flow area decrease outweigh the effect of the entering profile.
The effect of the entering profile is further lessened at higher
NR,M/Ng g

A striking feature of the flow pattern is that at high NR,M/NR,F
the air is flowing radially inward near the disk and shroud, yet
outward near the passage center. As seen in Figs. 17 and 18 for
NR,M/NR,P of 1.20 and 1.56 respectively, the radial outflow velocity
is about equal to the radial inflow velocity near the disk, and one-fifth
that near the shroud. This anomalous behavior was not predicted by
the analysis. A three-dimensional representation of a profile illus-
trating this radial outflow is presented in Fig. 19.

The existence of backflow in the passage center can be
rationalized. As the air flows radially inward, the angular momentum
of the air is essentially conserved (as shown in Fig. 21 and discussed
later). Consequently, the air tangential velocity increases in the
radially inward direction. The di'sk tangential velocity decreases in
the radially inward direction, and is less than the fluid tangential
velocity. As a result, the wall shearing stresses on both the disk
and the shroud act to decrease the air tangential velocity and create

boundary layers of low tangential velocity fluid.
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The centrifugal force field acting on the air, proportional to the

square of the tangential velocity, is consequently greatest in the flow
passage center. At high NR,M/NR,P' this force is evidently high
enough to force the fluid itself to flow radially outward. The lower
centrifugal force field in the regions near the disk and shroud allow
the fluid to flow radially inward. As the disk is rotating, the centrifu-
gal force is higher near the disk than the shroud. Consequently, the
;adial inflow in the region near the shroud is greater than that near

the disk.

In Fig. 20, a cross section of the flow pattern is shown for
NR, M/NR,F =1.20. This flow pattern is somewhat similar to the
flow pattern created by water draining from a tank. In this case,
the angular momentum of the water is conserved as the water flows
radially inward. At some radius, the resulting centrifugal force is
high enough to prevent further radial inflow, resulting in a hollow
vortex core.

The flow rates obtained from the integrated radial velocity pro-
files were compared to the flow rate measured at the flow metering
section. The difference was within the accuracy of determining the
radial velocity profiles. The uncertainty in the profiles is very high
at large NR,M/NR,P (the velocity uncertainty ranges are X 0.5 per
cent at NR,M/NR,P =0.056, *t 6.5 per cent at 0.61, and ¥ 20 per

cent at 1.57). The flow angle is near 90°, and the radial velocity
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is computed as the cosine of the flow angle times the measured
resultant velocity. Consequently, small errors in flow angle produce
large errors in the radial velocity component. Nevertheless, the

! agreement between integrated and metered flows, and the self-
consistency of the velocity profiles, strengthens the experimentally
determined picture of the flow pattern.

The tangential velocity profiles are consistently lower than the
profiles predicted by the analysis. This is a result of flow bypassing
the rotating screens. As a measure of the performance of the screens,
the angular momentum flux for the four highest NR,M/NR,F ratios was
evaluated. The angular momentum flux is related to the shearing
stresses on the disk and shroud by the following equation (Analytical

Investigation, Section VI):

( 2 d I:_L zoror*/uvdz*_‘
T -1 =
8 disk e shroud) t dr* de _ (9]

o

where

!

10
angular momentum flux = [: E Zo oI /u vd z{' [10]
Ie

©

The angular momentum flux is presented as a function of radius
for the four NR,M/NR ¢ ratios in Fig. 2la. The flux is constant

within the experimental uncertainty, showing that the disk and
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shroud shear stresses are small relative to the momentum fluxes.
The constant value of momentum flux provides a check on the instru-
mentation. Any significant increase in momentum flux in the radially
inward direction would violate the laws of motion, and therefore be a
result of inaccuracies in measuring velocity.

The ratio of the actual angular momentum flux to that predicted

is plotted as a function of Ng M/N in Fig. 2lb. The values of

R,F
0.70 -~ 0.75 indicate that 25 - 30% of the main flow bypa sses the

rotating screens, and is not accelerated to the disk tangential

velocity. The apparent increase in the ratio could be due to the

experimental inaccuracy of determining the radial velocity component.

The uncertainty is highest at high NR,M/NR,P' and the integrated
profiles tended to yield higher flow rates than those measured at the
orifice metering section. However, an increase in the momentum
flux ratio with increased NR,M/NR,P is supported by comparing the
measured pressure drop across the screens to the pressure drop com-
puted for no bypass flow; these results indicate that less bypass
flow occurs at higher disk speeds (higher NR,M/NR,P)'

The variation of velocity and flow angle profile with circum-
ferential position for four NR,M/NR,P ratios is shown in Figs. 22 to
25. In Fig. 26, the tangential velocity variation with circumferential

position is shown for two NR M/NR P Axial symmetry is seen to be

be st at the higher NR M/NR r+ The lack of axial symmetry probably
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results from the eccentricity of the sealing section with respect to

the disk axis. The bypass flow area, ar_ld therefore the bypass flow,
would then vary around the shroud> periphery. This would result in
an asymmetric main flow. It is doubtful that the asymmetry was
caused by variations in the shroud-to-disk clearance, as the varia-
tion in clearance around the periphery was less than 0. 7 percent,

In conclusion, at NR,M/NR,F .of 0.6l and greater, the flow
is essentially axisymmetric. This is consistent with the previous
velocity profile results, where the effect of the inlet is less at
higher Ng | M/NR, P*

Nondimensional velocity and flow angle profiles were compared
to help verify that the nondimensional parameters chosen govern the
fluid dynamics. In Figs. 27 and 28, comparisons are made with NR,P
as a parameter for various NR,M/NR,F ratios. The nondimensional
profiles are all similar in shape. The discrepancy between the pro-
files exceeds the estimated uncertainty, and does not vary systemati-
cally with NR,F' It is possible that additional errors in velocity
measurement are introduced when NR,F is a variable. (See Appendix
B for a discussion of velocity measuring errors.) The similarity in
profile shape supports the choice of nondimensional parameters, but
a definite verification awaits further tests.

The flow angle profiles of Figs . 27 and 28 are in good agree-
ment with the exception of the results for r* = 0.768 and NR,M/NR,F =
0.30, The discrepancies exist, and are probably caused by increased
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flow leakage past the rotating screens at low flows (NR,F)' Again,
the inlet effect is mitigated at the inner radii by the flow area decrease.
At the higher NR,M/NR,F’ the effects of the disk, shroud, and area
change predominate. This agreement between the flow angle profiles
supports the choice of nondimensional parameters.

The variation of the wall static pressure with radius is pre-
sented in Fig. 29. Data was obtained at all r* for only one circum-
ferential position, and supplemented by some data at other circum-
ferential positions. The axial symmetry as indicated by the static
pressures is not as good as that indicated by the velocity profile
results. This is partially a result of small uncertainties in the pres-
sure tap location. The tap location uncertainty due to shroud eccen-
tricity with the disk axis is about £ 0.080 inches, or ¥ 0.0l rg.

At small radii, the pressure variation with radius follows the
trend of the predicted variation {(Analytical Investigation, Section VI,
Eq. [ 25]). The discrepancies at the disk inlet are due to the stall
created by the leakage flow. The inlet effect is again felt only at
the outer radii, and is less at higher NR,M/NR,I—”

Some limited nondimensional static pressure variations for two
NRpM/NR,P are presented in Figs. 29c and 29d. The correlation is
quite good. This helps support the choice of NR,P and NR,M/NR,F

as the nondimensional parameters governing the fluid dynamics.

41




The following conclusions can be drawn from the radial inflow

fluid dynamics investigation:

1. The performance of the rotating screen and seal is less than
desired. The rotating screens accelerate only 70 - 75 per
cent of the main flow to the disk tangential velocity. The
remaining 25 - 30 per cent of the flow bypasses the rotating
screens. To accurately establish the flow picture, this
defect must be remedied.

2. The flow that bypasses the rotating screens affects the flow
behavior only near the edge of the disk. The inlet effect
diminishes as NR,M/NR,F increases.

3. The fluid dynamics behavior is described in Figs. 14 - 18,
and differs considerably from that predicted by the analysis
{Section VI). The reasons for the discrepancies between
experiment and analysis are discussed in Section VII.

4. The radial inflow velocities are greatest in the regions near-
est the disk and the shroud. At NR,M/NR,F of 0.61 and
higher, the flow is radially outward in the passage center.

5. Within the experimental uncertainties, the fluid angular
momentum is conserved as the fluid flows radially inward.

6. The predicted nondimensional parameters, NR,F and
NR,M/NR,F' appear to govern the fluid dynamics. A defi-

nite verification awaits additional tests.
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FIGURE 14

FLUID VELOCITY COMPONENT AND FLOW

ANGLE PROFILES

5.6 x 10°

2
]

2
Z
g

i

3.2 x 104
Np m/Ng p = 0.056

(a) Tangential Velocity Profiles
(b) Radial Velocity Profiles

(c) Flow Angle Profiles

DATA
®© r*¥ =0.893
O r*=0.768
A r* =0,642
S r* = 0,517
¥ r* =0.391
® Disk tangential velocity at r* = 0.893
¥ Disk tangential velocity at r* = 0.391

ANATYSIS (SECTION VI)

Tangential velocity, v, predicted by Eq. [ 23]
Radial velocity, u, predicted by Eq. [ 22 ]
Flow angle predicted by Eq. [24]

—0,0,4,0,Vv
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FIGURE 15

FLUID VELOCITY COMPONENT AND FLOW

ANGLE PROFILES

- 5
NR,F = 5.6 x10

- 4
NR,M = 1.59 x 10
NR,M/NR,F = 0.28

(a) Tangential Velocity Profiles
(b) Radial Velocity Profiles

(c) Flow Angle Profiles

DATA
© r* = 0,893
mr* = 0,768
A r* = 0.642
& r¥ = 0.517
v r* = 0.391
® Disk tangential velocity at r* = 0.893
¥ Disk tangential velocity at r* = 0.391

ANALYSIS (SECTION VI)

Tangential velocity, v, predicted by Eq.[ 23]
Radial velocity, u, predicted by Eq.[ 22]
Flow angle predicted by Eq. [ 24 ]
—0,0,4A,0,V .
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FIGURE 16

FLUID VELOCITY COMPONENT AND FLOW

ANGLE PROFILES

NR,F = 5.6 x10°

. 4
Np. M = 3.4x10
Ng w/Ng,F = 0.6l

{a) Tangential Velocity Profiles
(b) Radial Velocity Profiles

(c) Flow Angle Profiles

DATA
® r* = 0.893
@ r* = 0.768
A 1* = 0.642
& r* = 0.517
v r* = 0.391
® Disk tangential velocity at r* = 0.893
¥ Disk tangential velocity at r* = 0,391

ANALYSIS (SECTION VI)

Tangential velocity, v, predicted by Eq. [ 23]
Radial velocity, u, predicted by Eq. [22]
Flow angle predicted by Eq.[ 24 ]
—0,0,A,0O,V
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FIGURE 17

FLUID VELOCITY COMPONENT AND FLOW

ANGLE PROFILES

_ 5
NR,F =5.2 x10

_ 5
NR,M =6.2 x10
NR,M/NR,P = 1.20

(a) Tangential Velocity Profile
(b) Radial Velocity Profile

(c) Flow Angle Profile

DATA
© r* = 0.893
mr* = 0.768
A T = 0.642
O r* = 0.517
v r* = 0.391
® Disk tangential velocity at r* = 0,893
¥ Disk tangential velocity at r* = 0,391

ANALYSIS (SECTION _VI)

Tangential velocity, v, predicted by Eq. [ 23]
Radial velocity, u, predicted by Eq. [22]
Flow angle predicted by Eq. [ 24 ]

—0,0, 4, o,V
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FIGURE 18

FLUID VELOCITY COMPONENT AND FLOW ANGLE

PROFILES

N - 4.8 x10°
R,F :

N = 7.5 x10°
R, M .

N = 1.56

(a) Tangential Velocity Profiles
(b) Radial Velocity Profiles

(c) Flow Angle Profiles

DATA
®© r* = 0.893
O r* = 0.768
A r* = 0.642
® r* = 0.517
v r* = 0.391
@ Disk tangential velocity at r* = 0.893
w Disk tangential velocity atr* = 0,391

ANALYSIS (SECTION VI)

Tangential velocity, v, predicted by Eq. [ 23]
Radial velocity, u, predicted by Eq. [22]
Flow angle predicted by Eq. [ 24 ]
—0,0,4,0,V
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FIGURE 19

THREE-DIMENSIONAL VELOCITY PROFILE

REPRESENTATION

FIGURE 20

FLOW PATTERN ILLUSTRATING BACKFLOW

IN THE CENTER OF THE FLOW PASSAGE
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FIGURE 21
FLUID ANGULAR MOMENTUM FLUX
(a) Angular Momentum Flux as a Function
of Radius

(b) Ratio of Actual Momentum Flux to that

Predicted as a Function of NR, M/NR,P
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FIGURE 22

RESULTANT VELOCITY AND FLOW ANGLE PROFILE

VARIATION WITH CIRCUMFERENTIAL POSITION

= 5
NR,F = 5.6x10

- 4
NR,M e 3.2 X].O
NR,M/NR,F = 0.056

(a) Resultant Velocity, r* = 0.768
(b) Flow Angle, r* = 0.768
(c) Resultant Velocity, r* = 0.517

(d) Flow Angle, r* = 0.517
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FIGURE 23

RESULTANT VELOCITY AND FLOW ANGLE PROFILE

VARIATION WITH CIRCUMFERENTIAL POSITION

- 5
Np f = 5.6x10
_ 5
Np M = 1.59 x 10
Np /Ny F 0.28

(a) Resultant Velocity, r* = 0.768
(b) Flow Angle, r* =0.768
(c) Resultant Velocity, r* = 0.517

(d) Flow Angle, r* = 0.517
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FIGURE 24

RESULTANT VELOCITY AND FLOW ANGLE PROFILE

VARIATION WITH CIRCUMFERENTIAL POSITION

NR, F = 5.6 x10°
_ 5

Np. M = 3.4x10

Ng,m/Ngp = 0.6l

(@} Resultant Velocity, r* = 0.768
(b) Flow Angle, r* = 0.768
(c) Resultant Velocity, r* = 0.517

(d) Flow Angle, r* = 0.517
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FIGURE 25

RESULTANT VELOCITY AND FLOW ANGLE PROFILE

VARIATION WITH CIRCUMFERENTIAL POSITION

~ 5
Np p = 5.2 x10
N = 6.2 x10°
R, M :
Ng,m/Ng p = 1.20

(a) Resultant Velocity, r* = 0,768
" (b) Flow Angle, r* = 0.768
(c) Resultant Velocity, r* = 0.517

(d) Flow Angle, r* = (0.517
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FIGURE 26

TANGENTIAL VELOCITY VARIATION WITH

CIRCUMFERENTIAL POSITION

{a) N 0.056

ti

R, M VR, F
() Np \/Ng p = 1.20
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FIGURE 27

NONDIMENSIONAL VELOCITY AND FLOW ANGLE

PROFILE VARIATION WITH N

R,F

NR,M/NR,F = 0.30

Nondimensional Velocity, r* = 0.768
Flow Angle, r* = (0.768
Nondimensional Velocity, r* = 0.517

Flow Angle, r* = 0,517
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FIGURE
NONDIMENSIONAL VELOCITY AND FLOW
ANGLE PROFILE VARIATION WITH NR F

N = 1.22

r, M Nr,F
(a) Nondimensional Velocity, r* = 0.768
(b) Flow Angle, r* = (0.768

{(c) Nondimensional Velocity, r* = 0.517

{(d) Flow Angle, r* = (0.517
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FIGURE 29

WALL STATIC PRESSURE VARIATION WITH

(b)

RADIAL POSITION

Static Pressure, NR,M/NR,F =0.045,
0.28, and 0.59

Static Pressure, N =1.20

R,M/NR, F
and 1.58

Nondimensional Static Pressure,
NR,M/NR,F = 0.29

Nondimensional Static Pressure,

NR, m/Ng, p=1-1
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